The demand of high performing oxide composite materials with low cost for various applications is increasing significantly. One the most interest material for various engineering applications is alumina. This is especially due to its availability, high electrical resistance, dielectric proprieties and chemical inertness. However, the brittleness and low toughness of alumina have limited a long time its applications in industry.
The demand of high performing oxide composite materials with low cost for various applications is increasing significantly. One the most interest material for various engineering applications is alumina. This is especially due to its availability, high electrical resistance, dielectric proprieties and chemical inertness. However, the brittleness and low toughness of alumina have limited a long time its applications in industry.
In order to overcome this limitation, one of the approaches is to incorporate another phase toughening material to interact with the propagating crack. As more energy is needed to propagate a crack, the resistance of alumina to catastrophic failure is then enhanced. Many toughening materials such as ceramics or metals have been used to improve the toughness of alumina. Among them, metals like nickel incorporation to alumina have attracted much attention recently. Its addition to this oxide has indeed improved not only its mechanical properties, but also its electrical, optical, thermal and magnetic properties.
Many researchers have investigated this composite material using mainly metal nickel dispersed in Al 2 O 3 [1] [2] [3] [4] . However, the metallic particles tend often to oxidize after a period of exposure especially in high temperature environments; there is therefore a need to use, semi-metallic or non-metallic particles which have higher temperature stability [5] . In addition, NiO is more appropriate for this application due to its high electrophoretic mobility, rate of deposition ,smooth deposits and better control of the gradient profile [6] . NiO is a highly insoluble thermally stable nickel source suitable for optic and ceramic applications. Nickel oxide is very interesting for this application because it has been used in a variety of applications in electronic [7] , thin films [8] ,electrochemical capacitors (EC) [9] . It is low cost, has an excellent durability and electrochemical stability with large span optical density. There are several methods to fabricate NiO and Al 2 O 3 based composite in-cluding conventional powder mixing technique; Spray pyrolysis; chemical and physical vapour deposition (CVD or PVD), sputtering, sol-gel, like thermal and plasma spraying, precipitation approaches and the template synthesis, and electrophoretic deposition (EPD) [3, 10] , [11, 12] . Among these methods, EPD is a fairly rapid and inexpensive way capable to producing a dense and uniform coating on substrates with complex geometries. Electrophoretic deposition is a process for ceramics [13] in which colloidal particles such as ceramics suspended in a liquid medium migrate toward the electrode of opposite sign to their charges under the influence of an electric field (electrophoresis) for deposition. EPD was first observed by a Russian scientist Reuss in his experiment with electric field to induce motion of clay particles suspended in water [14] . But the first practical use of this method is patented in the USA in 1933 with the deposition of thoria particles on a platinum cathode for electron tube [15] .
EPD is presently used for many applications, such as metals [16] , polymers [17] , high performance ceramics coatings [18, 19] layered composites [3, 20] , functionally graded materials [6, 21] and nanoparticles deposition to produce advanced nanostructured materials [22] . However, there are few reports on Al 2 O 3 -NiO composites fabricated EPD technique.
As indicated above, the preparation of Al 2 O 3 /NiO composite is well known [10, 12, 24] . But the possibility of preparing the Al 2 O 3 /NiO composite of controlled composition by the method of electrophoretic deposition is new. Until now there is no research development on the electrophoretic co-deposition of Al 2 O 3 -NiO from a mixture of ethanol-water solvent on a nickel foil. In particular in electrophoretic deposition of composite compound, there are particular conditions we may identify for an appropriate control of the deposition process as for example getting the same electrophoretic mobility of the two components in the suspension [25] . We have determined previously the electrophoretic mobility of Al 2 O 3 and that of NiO in a mixture ethanol-water suspensions stabilized by acetic acid [23] . Accordingly, we have determined the stability and electrophoretic deposition behavior of NiO or alumina, separately, in a mixture of ethanol-water to optimize the deposition conditions of each of these oxides. The objective of the present study was to study, for the first time, the fabrication using electrophoretic deposition of the Al 2 O 3 -NiO nano-composite with low content in defects. In particular we report the effect of NiO content on the microstructure, thermal stability and the particular size of the Al 2 O 3 -NiO nano composite prepared by EPD.
The alumina and nickel oxide based materials used in this work are similar to those of the preceding work [23] . The alumina powder was from Baikowski Internationnal corp, USA. Its crystal structure is 100 % alpha. Its purity is higher than 99.99% with an average particle size of 0.6 µm. Its specific surface area (S BET ) was15 m 2 /g and its density was 3.98 g/cm 2 . The nickel (II) oxide was purchased from Sigma-Aldrich, USA. Its particle size was less than 50 nm and its, purity 99.8 % and density 6.67 g/cm 2 . All suspensions were prepared by a mixture of a total mass of 1g. It is composed of the two powders with a varying mass ratio of Al 2 O 3 and NiO in 100ml of solvent which is formed of ethanol and water in a ratio of 80-20 in volume. Prior to the film deposition, all the suspensions were magnetically stirred for 15 min and subsequently ultrasonicated in an ultrasonic bath for 24hours to ensure a good dispersion of the particles. Acetic acid (99%) was used as the stabilizing and dispersing agent. HCl (37%, Fisher Chemicals) adjusted the pH on acid side and NaOH on the basic side. The pH values can range from 2 to 12.
Electrophoretic mobility and the zeta potential (ZP) were meas- ured via a Zeta Plus zeta potential analyzer; the pH of the suspensions was measured by means of a pH meter (WTW, 315i) at room temperature (25.0 ºC ± 0.5).The particle size distribution was measured using laser light diffraction particle size analyzer (LS 230, Coulter-Beckman, Germany). This allows measuring particle sizes from 0.4 µm to 2000 mm by combination of laser light scattering for the determination of the coarse particles and polarization intensity differential scattering (PIDS) for measuring the finer particles. Sedimentation of the particles was investigated in cylinders and by in situ measurements of the particle size distribution with the LS 230. The conductivity of the suspension was measured using an YSI conduct meter.
Metallic foils of nickel were used as deposition electrode; the same electrodes with the same dimension were used as the counter electrode. The electrodes were cleaned with acetone, ethanol and distilled water in an ultrasonic bath for 15 min before the deposition process. The distance between the working and counter electrodes was kept constant (1cm) during the deposition. The mixed ethanol-water solvent containing Al 2 O 3 -NiO suspensions were prepared by mixing 1g of Al 2 O 3 and NiO (NiO content variable of 0 to 100%) in 150ml of mixture ethanol-water. Properties of the suspensions used are summarized in Table 1 . The composites were deposited at pH 2.5 with a constant voltage in the range of 150-300 V. After deposition, samples were first dried at room temperature for 24 h, and at 70 o C for 1 h. The weight gain and the green density of the coatings was evaluated. After drying, they are sintered at temperature ranging from 500 to 1250 o C for some subsequent studies. During the electrophoretic deposition of the composite, constant voltages was applied across the electrodes yielding variable currents between 10 to 60 mA. During the depositions, the suspensions in the mixed solvents were continually stirred during the deposition to prevent the sedimentation.
The deposits were sintered at different temperatures in air for 5h. The XRD patterns of the samples were obtained using X Philips X'PERT X-ray powder diffraction (XRD) with CuKα (λ = 1, 5406 Å at a scanning rate of 1.2°/min with 2θ range from 20° to 80°. The microstructural observations and chemical composition of the coatings were obtained using scanning electron microscope SEM JEOL JSM840 energy dispersive spectroscopy (EDS). Prior to SEM analysis, the surfaces of the specimens were polished coated with gold to avoid charging during the SEM observations. The chemical composition of the coating and the nature of the growth were determined using the energy dispersive spectroscopy (EDS).
The particle size of the procured Al 2 O 3 and composite powder was analyzed by COULTER® LS Particle Size Analyzer. The powder was dispersed in de-ionized water and stirred magnetically by ultrasonic agitation for 10 min just before the determination of the particle size. Fig. 1 shows the Schematic illustration of the EPD experimental Setup. Fig. 2a and 2b ) and the composite (85%Al 2 O 3 -15%NiO) (Fig. 2c) powder consists of two peaks. The particle size distribution was therefore bi-modal kind and wide in nature. As seen in Fig. 2a , the average particle size is 6 mm which is to be expected as this was the specified particle size from the suppliers. The peaks shown in Fig. 2a are suggesting there is still some agglomeration of particles occurring due to 90% of them has a size distribution more than 20 µm (Table 2 and Fig. 2a ). However with 10 min ultrasonic, the average particle size of alumina particles is lowered from 0.6 mm to under 0.4 mm ( Table 2 ) and 90% of the particles have a size distribution under 5 µm in size (Fig. 2b) . Fig. 2c shows that with added 15% of NiO, the average particle size is very reducing (under 0.1 mm) and 90% of Al 2 O 3 /NiO particles have a size distribution under 2 µm in size. This shows that the size of alumina particles can be reduced by ultrasonic stirring and the particle size of the composite is significantly reduced by the addition of NiO particles. The results show that the weight of the deposits increases linearly with the deposition time. This is in agreement with the first classical model of Hamaker [24] . This model relates the mass of the film to the deposition parameters as:
Where m (g) is the mass of the deposited film, C (g m −3 ) the suspension concentration, and µ e (m 2 s −1 V −1 ) the electrophoretic mobility system, E (V m −1 ) is the electric field, S (m 2 ) is the surface area of the sample, t (s) is the deposition time.
The electrical field can be determined through the relationship between the electric field E, the applied voltage U ap (V), the voltage drop in the deposit U dep (V), and the distance between the two electrodes d (cm).
(1) Considering Eq. (1) and (2), the deposition weight gain W (gcm 2 ) is determined.
The mass of the deposit increases with time. This indicates that the film thickness can be controlled easily by adjusting the deposition time. Fig. 3b shows the variation of the deposition weight gain of the composite deposited for 10 min as a function of the NiO content. These results show that the weight of the deposited composite increased linearly with the NiO content. For example, the weight gains of the composite increases from 67 to 68 mg/cm 2 when the NiO content increases from 15 to 50 %. The extrapolation of the value of the weight gain at NiO concentration is zero shows clearly that that the weight gain of the Al 2 O 3 -NiO composite is higher than that of Al 2 O 3 alone. Furthermore, this figure suggests that the deposition thickness of the composites could also be controlled by adjusting the NiO content.
The X-ray diffraction results for pure Al 2 O 3 and NiO powder are presented in Fig. 4 and in Table 3 Here D (nm) is the crystallite size, λ is the X-ray wavelength of CuKα radiation (evaluated as 0.154 nm), FWHM in radians stands for full-width of the diffraction line at half-maximum intensity, while θ the diffraction angle. As shown in Table 3 and 4, the crystallite sizes or grain size varied between 10 and 38 nm for NiO and between 17 and 62 nm for α-Al 2 O 3 . The average crystallite sizes were 23.45 nm for NiO and 34.86 nm for α-Al 2 O 3 . Fig. 5a to 5j show the XRD patterns of the Al 2 O 3 -NiO coatings sintered at 1000 °C in air for 5 h as a function of the NiO content. The XRD patterns of all samples are similar, suggesting that they possess close crystallinity and similar phases. The patterns of Fig.  5a are attributed to those of pure α-Al 2 O 3 . In this case, only the diffraction peak lines of (110), (113), (018) and (300) were observed. On the other hands, the peaks in Fig. 5j are attributed to those of the cubic phase of the NiO. All the peaks correspond to those of NiO.
The patterns obtained from Fig. 5b to 5i show that, apart the peaks of Al 2 O 3 and NiO, those of NiAl 2 O 4 are also observed. The most intense reflection peak for each of the samples prepared at different NiO content correspond to (113) at about 43.3° which indicate a strong preferred orientation. All of the data indicate that the films were polycrystalline and the difference in the peak intensities was indicative of different degrees of crystallinity. After only 15% of NiO was dispersed into the Al 2 O 3 matrix, the cubic nickel aluminates spinel phase (NiAl 2 O 4 ) is formed. As more NiO is added, the most intense diffraction peak corresponded to (113) of Al 2 O 3 crystalline phase gradually increases in intensity until reaching the maximum after added 40% of NiO, which NiAl 2 O 4 spinel becomes the sole phase indicating that NiO has completely diffused into the alumina matrix to form the spinel phase. However, Al 2 3+ in octahedral positions in the cubic closed packing of oxygen anions). In order to preserve local electroneutrality during the reaction through-out the product, it is necessary, for every three Ni 2+ ions that diffuse to the right hand interface, two Al 3+ ions must diffuse to the left hand interface. The reaction that occur at the two interfaces may be written as:
The average crystallite sizes of Al 2 O 3 -NiO coatings were evaluated from the most intense reflections peaks using the Scherrer's equation. Fig. 6 shows the average crystallite size of composite as function of the NiO content. In Fig. 6 °C for 5h as function of NiO content. In the SEM images of these samples, the color of NiO was light gray and the color of Al 2 O 3 was dark. As we can see from Figs. 7b and 7c, NiO particles were distributed mainly on the grain boundaries and triple points of Al 2 O 3 matrix, in the form of finely divided and uniformly distributed particles. Furthermore, the microstructures of the composite are uniform. Hence, in this investigation the composite can be defined as inter granular-type. When the content of NiO increases, NiO distribution become more symmetric, and most of them are in contact with one another, forming an interconnected network-like-microstructure which could inhibit the grain growth of Al 2 O 3 so as to improve the mechanical properties of the composite, such as fracture toughness. Evidently, the composites have a fine matrix grain size when compared with the monolithic Al 2 O 3 (Fig. 2, Fig. 6 and Table 2 ). A feature important at noting is the uniformity of the NiO phase distribution. The homogeneity increases with increasing the NiO content illustrating the advantage of EPD for the synthesis of these particles composites. The similar microstructure was reported elsewhere in Al 2 O 3 -NiO EPD for Functional Grade Materials [6] .
To determine the chemical composition of the different phases observed in Fig. 7 , energy dispersive spectroscopy (EDS) study was performed on different regions on the coated surface. Individu- For these various samples, a cubic nickel spinel (NiAl 2 O 4 ) like phase is formed. The samples heated at 500 °C present a lower crystallinity, while the samples sintering at 1000 and 1250 °C are substantially crystalline and their diffraction patterns are relatively similar. From Fig.9a to 9c , it is evident that Al 2 O 3 -NiO films texturing is strongly dependent on the sintering temperature. The peaks intensity increases with the sintering temperature. However the number of peaks is reduced with the sintering temperature. The most important diffraction peaks of the composites have been observed for samples sintered at higher temperature (up to 1250 °C).
The crystallite size was calculated using the Scherrer's formula. The crystallite and the average crystallite size as function of the sintering temperature and NiO content are shown in Fig. 10a to  10d . The average crystallite size of the samples increases with the sintering temperature. In Fig.10a (25% of NiO content), the main phases were Al 2 O 3 and NiAl 2 O 4 and the crystallite size of NiAl 2 O 4 and Al 2 O 3 could be obtained from the width of (110) and (113) diffraction peak respectively. According to Fig. 10a , the rate of the crystallite size of NiAl 2 O 4 is lower than those of the crystallite size of Al 2 O 3 between 500 °C and 1000 °C.
As shown in Fig. 10b (40% of NiO content), the sol phase is NiAl 2 O 4 . The crystallite size of NiAl 2 O 4 increased very slowly from 19 to 27 nm as the sintering temperature between 500 °C and 1000 °C, but increased rapidly from 27 to 92 nm between 1000 °C and 1250 °C. Therefore the crystallite size of NiAl 2 O 4 (110) decreased from 75 to 64 nm between 1000 °C and 1200 °C.
The crystallite size is measured in direction normal to the reflection plane, and, the increase in the crystallite size may be interpreted in terms of a columnar grain growth. This is mainly due to the increase of the particles agglomeration between at higher temperatures. Fig. 11 shows the microstructure of fracture surfaces of Al 2 O 3 -40% NiO composites sintered at various temperatures (700 ºC, 1000 ºC, 1250 ºC). It can be noticed that the NiO particles (white color on the SEM images) were uniformly dispersed in the Al 2 O 3 matrix (gray color), and there are a lot of pores for the sample sintered at 700 ºC (Fig. 11a) , a few pores for the sample sintered at 1000 ºC (Fig. 11b) and no pores were seen on the micrograph when the sample is sintered at 1250 ºC (Fig. 11c) . However micrograph of sample sintered at 1250 ºC clearly reveal that NiO grains are agglomerated. This reason is probably due to the fact that the NiO particles in the coating layer are very fine. According to the micrographs of the composites, it is evident that the particle grain size of NiO increases with the sintering temperature. This is mainly due to the particles agglomeration at high temperatures.
During EPD, one of the most important parameters is the electric field, which is applied either through constant current density or constant voltage across the electrodes immersed in the suspension electrolyte. In agreement with Eq. (3), the deposit weight gain was found to increase with the deposition time and¤or voltage. Composite samples were prepared at different applied voltages under similar conditions to evaluate the deposition weight gain. Results are shown in Fig. 12 . It was found that, the weight gain of the composites is greatly affected by the increase in the applied voltage. In- This work has shown that it is possible to fabricate Al 2 O 3 -NiO composite particles by EPD from the mixtures of alumina and nickel oxide nanopowders in an ethanol-water solvent. It was also shown that the deposition weight gain increases with the NiO content. The thickness of the deposit can be easily controlled by the deposition time or NiO content. Microstructure studies have indicated that the NiO particles were uniformly dispersed on the grain boundaries and triple points of Al 2 O 3 matrix. This illustrates clearly the advantage of the EPD for the synthesis of Al 2 O 3 -NiO composite particles. When the NiO content increases, the particles distribution becomes more symmetric and homogenous forming thereby an interconnected network like-microstructure which inhibited grain growth of Al 2 O 3 . This could help in the improvement of the mechanical properties of the composites. XRD studies have revealed that the composites possess the close crystallinity, and apart from Al 2 O 3 and NiO, a cubic nickel spinel (NiAl 2 O 4 ) like phase is formed and the average crystallite size of the samples increase with the sintering temperature, mainly due to the particles agglomeration between at higher temperatures. However high applied voltage of the composite fabrication is not beneficial for the formation of homogeneous and crystalline composites at lower NiO contents (≤ 40%). The composite deposited at high voltage exhibit porous microstructure. Future studies of these composites materials must focus on mechanical, electrical and selective optical properties measurements.
